Abstract. Interleukin-9 receptor (IL-9R) overexpression has a pivotal role in human hematological malignancies. However, the expression of IL-9R and its biological role in human solid tumors remains elusive. In the present study, western blot analysis and RT-qPCR were used to determine the expression of IL-9R in hepatocellular carcinoma (HCC) cell lines and tumor tissues. Proliferation, cell cycle, apoptosis and Transwell assays were used to examine the biological role of IL-9R in HCC cells. The results showed that IL-9R and its ligand IL-9 were constitutively expressed in HCC cells and tissues. Moreover, the expression levels of IL-9R and IL-9 were significantly higher in tumor tissues compared to the peritumor liver tissues. Functional experiments suggested that IL-9R significantly promoted HCC cell proliferation, invasion and inhibited apoptosis, possibly by acting through the IL-9/IL-9R axis. After silencing IL-9R, the expression of VEGF, p-p38, p-STAT3 and MMP9, markedly decreased suggesting the potential involvement of these molecules in IL-9R activity. Immunohistochemistry-based survival analysis revealed that a differential expression of IL-9R in HCC tissue was a significant and independent prognostic factor for survival [HR, 1.66; 95% confidence interval (CI), 1.17-2.36; P= 0.005] and recurrence [HR, 1.50; 95%CI, P=0.03]. In addition, a high IL-9R expression positively and significantly correlated with larger (P=0.012) and advanced tumor stage (P=0.018). The findings indicated that IL-9R was constitutively expressed and exerted a tumor-promoting effect in HCC, whose expression level may be a useful biomarker of tumor invasiveness and patient clinical outcome.
Introduction
Hepatocellular carcinoma (HCC) is one of most frequently occurring neoplasms worldwide (1) and a major cause of cancer-associated mortality owing to its high potential of invasion and metastasis. Surgery, including liver resection and transplantation, remains the most effective treatment for HCC. However, high recurrence or metastatic rate after surgery hinders further improvements in HCC survival (2) . Molecules involved in HCC recurrence and metastasis are potential factors predicting patient outcome, and personalized treatment depends mostly on the increased use of diagnostic markers for treatment allocation (3, 4) . Therefore, the identificaiton of an effective biomarker is pivotal in screening cancer, assessing general population risk, evaluating treatment-response and monitoring recurrence.
Interleukin 9 (IL-9) cytokine is a 14-kDa glycoprotein comprising 144 amino acids (5) . The receptor of IL-9 (IL-9R) is a member of hematopoietin consisting of two subunits, the IL-9 specific α-chain receptor and a member of the γ-chain-receptor family commonly shared with IL-2, IL-4, IL-15 and IL-17 (6) (7) (8) . IL-9 was considered to be a T-lymphocyte growth factor and a cytokine produced by the Th2 subset (6, 9) . As indicated by the T-cell growth function of IL-9, IL-9R is expressed in T cells and effector T cells (10) . Addtionally, IL-9R is highly expressed in the Th2 and Th17 cell subsets (8) . However, in asthma patients, IL-9R was reported to be expressed in mast and polymorphonuclear cells (7, 8) . The secretion of IL-9 was observed in a variety of immune cells, including Th2, Th9, Th17 and Treg cells, NKT cells and mast cells (5) . Activation of IL-9R results in phosphorylation of Jak1 in the α chain and Jak3 in the γ chain, which leads to the downstream activation of STAT3, MAPK and PI3K pathways (8, 11, 12) .
IL-9 and its receptor have been investigated in bronchial asthma (13) , autoimmune diseases (14) , parasitic infections (15) and atopic dermatitis (16) . In the mouse inflammatory models, IL-9 showed proinflammatory activity and blocking IL-9 inhibited airway remodeling in chronic lung inflammation (17) . In chronic lymphocytic leukemia (CLL), IL-9R overexpression inhibited apoptosis significantly (18) . Aberrant expression of IL-9R was also observed in several types of human leukemia (19) . HCC is a well-known inflammation-related cancer (20) . However, the expression of IL-9R and its biological role in HCC tumorigenesis and metastasis remain largely unknown. In the present study, we identified aberrant IL-9R expression in HCC and investigated its biological role in HCC cells as well as the clinical significance in 329 HCC patients undergoing resection. A high expression of IL-9R in HCC correlated with tumor aggressiveness and served as an independent prognostic factor for HCC patients.
Materials and methods
Patient samples. We randomly selected 12 HCC tissue samples for RT-qPCR analysis from the patients who underwent liver resection at the Zhongshan Hospital, Fudan university (Shanghai, China). Samples were collected within 15 min of hepatectomy, delivered in liquid nitrogen and stored at -80˚C. Tumor specimens used in the tissue microarray analysis were consecutively selected from 329 HCC patients, who underwent liver resection in the Liver Cancer Institute, Zhongshan Hospital, Fudan University in 2006. After fixed in 4% formaldehyde for 24 h, tissues of HCC patients were used for construction of paraffin-embedded blocks as described previously (21) . The clinicopathological characteristics of the patients are shown in Table I .
Detailed patient inclusion and exclusion criteria have been previously described (21) . The tumor stage was assessed according to the Barcelona Clinic Liver Cancer (BCLC) staging system (22) and the tumor-node-metastasis (TNM) system of the International union against Cancer (uICC, 7th edition). Tumor differentiation was graded using the Edmondson grading system. Detailed procedures for postoperative surveillance and treatment modalities have been previously described (23) . The present study was approved by the Research Ethics Committee of Zhongshan Hospital (Shanghai, China). Written consent was provided by the patients. Overall survival (OS) was defined as the date of surgery and death or the last observation recorded. Relapse-free survival (RFS) was defined as the interval between resection and tumor recurrence, death or the last follow up. The data were censored for surviving patients and patients without signs of recurrence.
Cell lines. Six human HCC cell lines were used in the present study: MHCC97H, MHCC97L (Liver Cancer Institute, Fudan university, Shanghai, China), PLC/PRF/5 (Japanese Cancer Research Bank, Tokyo, Japan), HepG2, Hep3B (American Type Culture Collection, Manassas, VA, uSA) and the immortalized human normal L-02 liver cell line (Cell Bank, Chinese Academy of Sciences, China). The cell lines were routinely maintained in DMEM or RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum, 100 u/ml penicillin and 100 mg/ml streptomycin at 37˚C in a humidified incubator under 5% CO 2 .
RNA isolation and RT-qPCR. Total RNA was extracted from cell lines and frozen tumor specimens using TRIzol reagent (Invitrogen, Carlsbad, CA, uSA) according to the manufacturer's instructions. mRNA expression of IL-9 and IL-9R in HCC cell lines and tumor tissues was detected by RT-qPCR using an ABI7900HT (Applied Biosystems, Foster , CA, uSA). RT-qPCR was performed using a SYBR PrimeScript RT-PCR kit (Takara Bio Inc., Otsu, Shiga, Japan) according to the manufacturer's instructions. The primer sequences used were: IL-9 forward, 5'-CTCTGCCCTGCTCCTGTGCT-3' and reverse, 5'-GCCTGCCGTGGTTTGGTT-3'; IL-9R forward, 5'-TCACCATCACTTTCCACCAC-3' and reverse, 5'-CCT CTACCACATCATCCTCC-3'; GAPDH forward, 5'-CGGAGT CAACGGATTTGGTCGTAT-3' and reverse, 5'-AGCCTT CTCCATGGTGGTGAAGAC-3'. Relative mRNA levels were detected based on the Ct values, and corrected to GAPDH expression, according to the 2 -ΔCt method. The experiments were performed in triplicate.
Western blot analysis. The protein level expression of IL-9R and signaling molecules was detected by western blot analysis. Briefly, the cells were washed twice with ice-cold PBS and frozen tumor specimens were ground under liquid nitrogen. Total protein was extracted in lysis buffer for 45 min on ice. Equal amounts of protein were separated by 10% SDS-PAGE and transferred to a PVDF membrane (Millipore, Billerica, MA, uSA) using a mini trans-blot apparatus (Bio-Rad Laboratories, CA, uSA). The membrane was blocked with PBSwith 0.05% Tween-20 containing 5% non-fat dry milk for 1 h and incubated for 2 h at room temperature with monoclonal/polyclonal mouse/rabbit anti-human antibodies including IL9R (Abcam, Cambridge, MA, uSA), VEGF, p-JNK, JNK, p-STAT3, STAT3, p-STAT5, STAT5, p38, p-p38, p-ERK, ERK, MMP9 (Cell Signaling, Danvers, MA, uSA) and GADPH (SigmaAldrich, St. Louis, MO, uSA). Each experiment was repeated at least three times.
SiRNA-mediated IL-9R
silencing. An Annexin V-FITC apoptosis detection kit was used to determine IL-9R knockdown-mediated effects on cell apoptosis. The target siRNA sequence for IL9R used was: 5'-CCTCTCCAGCGATGTTCTT-3'. MHCC97H and MHCC97L were used in the siRNA analysis and transfection of siRNA was carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Cell proliferation, cycle, invasion and apoptosis assays.
Cell proliferation was analyzed using a Cell Counting kit-8 (CCK-8) assay kit (Dojindo Corp, Japan). The Tecan Infinite 200 microplate reader (Tecan Inc., Mäennedorf, Switzerland) was used to detect absorbance at 450 nm.
Transwell (8-µm pore size; Millipore) coated with Matrigel (BD Biosciences, San Jose, CA, uSA) was used to evaluate cell invasion. Cells (1x10 5 ) were added to the upper chamber and after 48-h incubation, the cells remaining in the upper chamber were removed using cotton swabs. The cells that had migrated or invaded were fixed and stained in a dye solution containing 0.1% crystal violet and 20% methanol. The cells were counted in five random fields at a magnification of x100. The experiments were performed in triplicate.
Cell cycle and apoptosis were analyzed using flow cytometry. Briefly, the cells were collected, stained and fixed in ice-cold 70% ethanol for FACS analysis (Beckman-Coulter, Brea, CA, uSA) using MultiCycle AV for Windows 5.0 (Phoenix Flow Systems, San Diego, CA, uSA). Apoptosis was measured using apoptosis detection kit (BD Biosciences).
Tissue microarray and immunohistochemistry. Tissue microarray blocks were constructed as previously described (23) . Briefly, the HCC tissues were reviewed by two histopathologists and representative tumor areas free from necrotic and hemorrhagic materials were premarked in the paraffin blocks. Two core biopsies of 1 mm in diameter were obtained from the tumor and peritumor region of the donor blocks and transferred to the recipient paraffin block at defined array positions. Four different tissue microarray blocks were then constructed. Immunohistochemistry was performed according to a previously described two-step protocol (Novocastra, Newcastle, uK) (23) . The primary antibody used in immunohistochemistry was rabbit polyclonal anti-human IL-9R (Abcam, Cambridge, uK).
Immunohistochemical staining was assessed by two independent pathologists without knowledge of patient characteristics. For IL-9R staining, we determined the percentage of cells with a positive score in the cytosol or membrane in the whole biopsy cylinder. The scoring procedure was as follows: the staining intensity was first scored (0, negative; 1, weak; 2, moderate; 3, high) and the percentage of positive cells was scored (0, 0% positive cells; 1, 1-10% positive cells; 2, 11-50% positive cells; 3, >50% positive cells). The final score was calculated by multiplying the staining intensity score by the percentage of positive cells. Samples were defined as negative when the final scores were 0-3 and positive when 4-9.
Statistical analysis. Statistical analysis was performed using SPSS 18.0 for windows (SPSS, IBM, NY, uSA). Survival analysis was performed by the Kaplan-Meier method and the log-rank test. univariate and multivariate analyses were based on the Cox proportional hazards regression model. The Chi-square test, Fisher's exact probability and Student's t-test were used for comparison between groups. The experimental data were presented as means ± SD. A two-tailed P<0.05 was considered statistically significant.
Results

IL-9R is constitutively expressed in HCC cells and tissues.
IL-9R has been reported to be expressed in T cell-derived subsets, especially Th2 and Th17 cells (19) . Expression of IL-9R was significantly higher in T-cell lymphoma cells than that in normal thymocytes, leading to aberrant downstream STAT3 and STAT5 phosphorylation (24) . In the present study, we used western blot and RT-qPCR analyses to determine whether IL-9R was expressed in HCC cells and tissues. RT-qPCR showed that IL-9R was constitutively expressed in HCC cell lines and that the expression level correlated with HCC cell line metastatic ability (Fig. 1A) . Additionally, we found the ligand for IL-9R, such as IL-9, was expressed in HCC cell lines at the mRNA level (data not shown). Western blot analysis validated RT-qPCR results and again indicated that IL-9R was expressed on HCC cells (Fig. 1B) . Furthermore, expression level of IL-9R and IL-9 was significantly higher in tumor tissues compared to peritumor tissues by means of RT-qPCR analysis (Fig. 1C and D, P<0 .001).
IL-9R knockdown mediated by siRNA significantly inhibits cell proliferation. IL-9 stimulates the proliferation of human T-ALL, Hodgkin lymphoma and T-cell leukemic cells (19) . To examine the biological function of IL-9R in HCC cells, MHCC97H and MHCC97L were selected for transfection with siRNA duplexes against IL-9R. Successful knockdown in MHCC97H and MHCC97L was confirmed by RT-qPCR (Fig. 2A, P<0 .001) and western blot analysis (Fig. 2B) . IL-9R downregulation mediated by siRNA significantly inhibited MHCC97H and MHCC97L cell proliferation following transfection at 72 h ( Fig. 2C and D, P<0.001). An Annexin V-FITC apoptosis detection kit was used to examine the IL-9R knockdown-mediated effects on cell apoptosis. After IL-9R silencing, the percentage of cells in S phase markedly decreased, which was consistent with our proliferation analysis showing that inhibition of IL-9R attenuated HCC cell proliferation.
IL-9R downregulation significantly reduces invasiveness and promoted apoptosis of HCC cells. IL-9 is a versatile cytokine with various functions in different types of cells. Previous study of IL-9R in leukemia has suggested that overexpression of IL-9R
inhibited leukemic cell apoptosis (18) . In the present study, we used a Transwell assay and Annexin V-FITC apoptosis detection kit to determine the biological effect of IL-9R on HCC cells. In the Transwell experiment, MHCC97H and MHCC97L cells invading through the membrane decreased significantly after IL-9R silencing by siRNA ( Fig. 3A and B, P<0.01). Furthermore, in the apoptosis experiment, the percentage of apoptotic cells increased significantly in the IL-9R-silenced groups compared to the control ( Fig. 3C and D, P<0 .01).
Molecular mechanism involved in IL-9R signaling pathway.
IL-9 mediated signal transduction activated molecular members of STAT, MAPK and PI3K pathways (8) . In the present study, we analyzed the expression of VEGF, p-p38, p-JNK, p-STAT3, p-STAT5, STAT5, p-ERK and MMP9, which were previously reported to be potentially involved in the activity of the IL-9/IL9R axis (8, 11, 25) . After the significant downregulation of IL-9R, western blot analysis indicated that the expression of VEGF, p-p38, p-STAT3 and MMP9 obviously decreased ( Fig. 3E  and F) . However, no difference was found in the expression of p-JNK, p-STAT5 and p-ERK (data not shown) following IL-9R downregulation.
High IL-9R expression significantly correlates with reduced survival and early recurrence. Tissue microarrays containing 329 patients were used to evaluate the prognostic value of IL-9R in HCC. Patients with a high (score between 0 and 3, n=84) or low (score between 4 and 9, n=245) IL-9R expression were divided into two groups. Comparisons were determined between various clinicopathologic characteristics and IL-9R expression (Table I ). The correlation analysis showed that a high IL-9R expression significantly correlated with larger tumor (P=0.012) and advanced TNM stage (P=0.018, Table I ).
Immunohistochemical staining of IL-9R in HCC cells exhibited a focal or scattered pattern, with different intensity and percentage of staining tumor cells (Fig. 4A) . For the entire cohort (n=329), the OS and RFS rates at 3, 5 and 7 years of age were 69.60, 61.10 and 56.23, and 72.34, 66.26, and 59.27%, respectively. In the univariate analysis, liver cirrhosis, γ-GT, tumor size, tumor differentiation, vascular invasion, TNM stage and BCLC stage were shown to be prognostic factors for OS and RFS (Table II) . Additionally, the univariate analysis showed IL-9R expression was a significant prognostic factor for OS (P= 0.003) and RFS (P= 0.007, Table II ). The multivariate analysis was used to determine whether IL-9R was an independent factor for HCC. Significant factors in the univariate analysis were selected for multivariate analysis. IL-9R was shown to be an independent prognostic factor for OS (P=0.005) and RFS (P=0.030, Table II ). Patients with a high IL-9R expression had significantly decreased OS (P=0.002, Fig. 4B ) and RFS (P=0.018, Fig. 4C ). HCC patients with high IL-9R expression were 1.66-fold more likely to succumb [95% CI, 1.17-2.36; P= 0.005] and 1.5-fold more likely to experience recurrence (95%CI, 1.04-2.17; P= 0.03) than the low IL-9R expression patients (Table II) .
Discussion
IL-9 is a versatile cytokine that functions in immune and inflammatory responses as well as in growth-promoting and anti-apoptotic activities suggesting its multifunctional role in tumorigenesis (19) . In mast cells, IL-9 acted as a growth factor while in human B cells, IL-9 promoted the production of IgE and IgG through IL-4 signaling (5). The abnormal expression of IL-9R significantly promotes T-ALL cells and inhibits apoptosis in chronic leukemia (5, 25) .
In the present study, we found that IL-9R was constitutively expressed in the HCC cell lines and tissues of HCC patients. mRNA and protein expression results in the HCC cell lines showed that a high expression of IL-9R correlated with a higher metastatic potential of the cell line. Previous findings showed that there was an abnormal feedback loop of IL-9 and IL-9R in various human leukemias, including T-cell leukemia, megakaryoblastic leukemia and Hodgkin lymphomas (19, 26, 27) . The RT-qPCR detection experiment in this study showed that IL-9R was overexpressed in HCC tumor tissues and the mRNA expression level of ligand IL-9 was significantly higher in tumors than that in peritumors, which indicated a potential feedback loop existed in HCC and it seems to be an active mechanism for HCC tumorigenesis. IL-9R was found to be constitutively expressed in HCC tumor cells. We then used proliferation, cell cycle, apoptosis and Transwell assays to determine the biological effect of IL-9R on HCC cells. Downregulation of IL-9R by siRNA in MHCC97H and MHCC97L significantly inhibited cell proliferation compared to the control groups. The percentages of cells in the S-phase were markedly lower than that in the control groups. Results of the two experiments indicated that overexpression of IL-9R in HCC cells promoted cell proliferation. This finding was consistent with previous findings showing that IL-9 promoted the proliferation of T-ALL cells (26) , Hodgkin lymphoma cells (28) and natural killer/T-cell lymphoma cells (19, 29) . It has been shown that IL-9 inhibited apoptosis of the human CLL cell line MEC-1 (18) . In the present study, we showed that IL-9R downregulation significantly promoted cell apoptosis and inhibited invasive potential of HCC cell lines.
Our in vivo analysis simultaneously demonstrated that a high IL-9R expression significantly correlated with larger tumor volume and advanced TNM stages.
Activation of IL-9R leads to the downstream activation of STAT3, MAPK and PI3K pathway (8, 12, 25) . Additionally, the function of JNK and p38 MAPK family members had a pivotal role in affecting tumor cell proliferation, differentiation and migration (30) . Consistent with the importance of these facts, our western blot analysis indicated that after silencing IL-9R, the expression of VEGF, p-p38, p-STAT3 and MMP9 was significantly decreased. Involvement of the four molecules may be the underlying mechanism of the biological effects of IL-9R in HCC cells. By contrast, p-JNK, p-STAT5 or p-ERK did not show any significant changes. Future studies are needed to elaborate the detailed signaling pathways and the exact mechanism involved.
Apart from the tumor-promoting potential of IL-9R, we found that IL-9R was an independent predictor for HCC patients. A cohort of 329 HCC patients indicated that the OS and RFS in the high IL-9R expression group was significantly lower than that in the low expression patients. Patients with a high IL-9R expression were predisposed to succumbing to the disease (1.66; 95% CI, 1.17-2.36; P=0.005) and relapse (1.50; 95% CI, 1.04-2.17; P=0.03).
In conclusion, to the best of our knowledge, we report for the first time the biological and tumor-promoting role of IL-9R in HCC. IL-9R was constitutively expressed in HCC cells, promoted cell proliferation and invasive ability, inhibited apoptosis and acted as an independent predictor for the survival of HCC. Therefore, together with our findings, IL-9R may be used as a potential biomarker in HCC therapy.
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